The membrane morphology significantly influences membrane performance. For osmotically driven membrane processes, the morphology strongly affects the internal concentration polarization. Different membrane morphologies were generated by simulation and their influence on membrane performance was studied, using a 3D
Introduction
The membrane morphology determines permeance and solute rejection in pressure-driven technologies for water treatment, such as ultra-and nano-filtration.
ϰ For osmotically driven membrane processes such as forward osmosis and pressure retarded osmosis, the membrane structure is even more important due to internal concentration polarization [1] [2] [3] . For osmotically driven processes in order to achieve high water flux, membranes are manufactured with multilayers: a thin dense and selective layer frequently prepared by interfacial polymerization, a porous asymmetric support and in some cases an additional non-woven. The structure of the porous layer might largely affect the performance [4] [5] [6] . In many studies, an essential goal is to achieve a better understanding on how changes in morphology lead to improved fluxes, and/or to establish correlations between the characteristics of the porous media (porosity, anisotropy, tortuosity) and the permeance.
For many years, approximate analytical formulae (such as Kozeny-Carman model [7, 8] .) have been used to correlate the membrane morphology and the fluxes through it.
Such formulae, however, are based on simplifying assumptions on the shape of pores. For example, the Kozeny-Carman relation appropriately models the flow around spherical obstacles. Another popular model the Hagen-Poiseuille equation assumes uniform cylindrical pores [9] .
Two-dimensional simulations of membrane have been previously conducted by other groups [10] [11] [12] . Wang et al. [10] studied membrane surface properties such as porosity and pore distribution, and found relations between the experimentally measured pore properties and flow properties (water flux and rejection). Sun et al. [11] measured the water flux and calculated the average pore size based on the Hagen-Poiseuille equation. Vicente et al.
[13] studied both 2D and 3D ceramic microfiltration membranes, however, they used only one specific layer geometry.
ϱ Fluid simulation through membranes has been widely studied but mainly in macro scale and focusing on flow channels [14] [15] [16] . Most cases determine the membrane's Darcy permeability from empirical evidence [14, 17, 18] . ]) is an intrinsic material property and solely depends on the membrane's properties (such as porosity, pore size distribution, anisotropy, and tortuosity) but is not affected by neither the viscosity of the permeating liquid nor by the size of membrane sample [19] . Furthermore, Darcy permeability is a scalar value for isotropic porous media, but it is a full tensor for anisotropic media [20] . For example, tubular membranes have different permeability values across and along the direction of the tubes in the membrane. The Darcy permeability differs from the permeance and permeability coefficient more commonly used by membrane researchers, as defined by Koros et al. [21] . Both the permeance and the permeability coefficient can be considered as process parameters and therefore they depend on the properties of the permeating fluid and membrane dimensions [19] .
In our work, 3D membrane morphologies, resolved at the pore scale, were studied via experiments and simulations. We present a computational methodology to calculate the permeability of membranes depending on their 3D microstructure (morphology), as well as to validate the simulation results in comparison with measurements. This computational methodology has been used recently in other fields of porous media ϲ research (e.g., hydrology [22, 23] , oil recovery [24] [25] [26] , and hygienic materials [27, 28] ). We adapted the technology to the needs of membrane science and demonstrated its predictive power. The water flow through these membrane morphologies was investigated by solving Stokes and Stokes-Brinkman equations, which describe slow laminar flow of an incompressible fluid through a porous structure. The simulation and experimental results for sponge-and finger-like structures were compared. These morphologies are commonly described in the literature [29] [30] [31] . Furthermore, the introduced simulation methodology was applied to predict the performance of hybrid morphologies and other unexplored structures, before efforts are dedicated to manufacturing them experimentally. In addition to gaining insight into the performance of different membranes, the computational results illustrate the fact that water permeance predictions only based on porosity may be misleading, and in certain cases only a detailed computational study of the permeance may provide instructive results.
Experimental

Materials and chemicals
Polyacrylonitrile (PAN, Mw=324 000 g/mol) was used for membrane fabrication. N, N-dimethylformamide (DMF, anhydrous, 99.8%) and N-methyl-2-pyrrolidone (NMP, anhydrous, 99.5%) were purchased from Sigma-Aldrich. Milli-Q ultrapure water was used in the flow tests.
Membrane fabrication
Two different casting solutions and two different precipitation baths were used for membrane fabrication. Two kinds of membranes were generated using 12 wt % and ϳ and volumetric 1:1 water/NMP). Details are listed in Table 1 . Besides PAN, other polymers can also be prepared and form different membrane morphologies via similar methods [32] . Immediately after casting, the glass plate was immersed into the corresponding precipitation bath. After the membrane had been detached from the glass plate, it was completely rinsed and stored in MQ water.
Morphology study
Surface and cross section morphologies of the fabricated membranes were imaged by field emission scanning electron microscopy (FESEM) on Nova Nano FEI equipment. Wet samples were kept in a freezer for 5 hours. Afterwards, they were transferred to a vacuum desiccator, where liquid nitrogen was poured into the bottom.
A vacuum pump was used immediately to remove icy water directly from the membrane. Lastly, the membrane surface and cross section samples were prepared using these treated membranes. All samples were coated with platinum using a sputter.
ϴ
Porosity measurement
To obtain the porosity of the membrane, the mass of wet and dry membranes was measured. The excess of water on the wet membrane surface was carefully removed, and the membrane was weighed. Afterwards, the membrane was dried under vacuum at 60°C for three days. Then, it was weighed again. The measurements were performed for three different pieces of the same kind of membrane to obtain reliable average membrane porosity. The porosity İ measured in [%] was calculated as follows:
where m wet and m dry is the mass of the wet and dry membranes, respectively; ȡ w and ȡ p is the density of water and PAN, respectively (ȡ w = 1 g/cm 3 , ȡ p = 1.184 g/cm 3 ).
Water permeance test
The water permeance test for the membranes was performed using lab-scale nano-/ultra-filtration dead-end setup. Pure water flux was applied under the pressure 
Digital membrane generation
We model an integral porous asymmetric membrane, which has two main layers: a thin selective porous layer and a thicker more porous support layer. In membrane processes, the selective layer plays a dominant role in rejecting the solute, and the support layer mainly provides mechanical stability to the selective layer. Therefore, in the simulations we treat the two layers separately.
Membrane surface analysis and selective layer generation
Pore distribution analysis for the membrane surface was done initially by adjusting the different tolerances of the gray values so that the chosen marked pores would reasonably represent the pores in the SEM images. Pore noise data whose area was less than five nm 2 (=5×10 -18 m 2 ) was eliminated. Finally, the surface porosity was estimated by calculating the pore area over the total membrane surface area.
Regarding the selective layer, in order to better reflect the real structure of polymeric membranes, some assumptions were made: (a) The selective layer is constituted itself by two layers with different porosities, the top one having smaller pores. (b)
Regarding the top layer, we consider a thickness with the same order of magnitude of the average surface pore size; it is symmetric (all pores in this layer were considered cylinders); the surface porosity was treated as volumetric. (c) Regarding the second selective intermediate layer, the geometry was considered porous sponge-like and the pore size was the harmonic mean between the top selective layer and the non-selective much thicker support layer. The thickness of the selective intermediate layer was 500 nm. Given the low porosity of the selective layer and the regularity of the pore sizes and distribution, the modeling assumptions described above are ϭϬ reasonable. To verify these assumptions we also tested the impact of switching between circular and ellipsoidal pores and the difference in the simulation results is well within the uncertainty of the experimental measurements.
Support layer generation
FESEM images were used to determine the membrane's thickness and the size, shape, and distribution of its pores. The membrane porosity was estimated from the experiment described in Section 2.4. The porosity is the ratio of the volume of all pores (including finger-like cavities and sponge pores) to the membrane volume, while finger void percentage is the ratio of the volume of the finger-like cavities to the membrane volume. The finger void percentage for the finger-like cavity membrane can be calculated based on its membrane porosity ε via Eq. (3), where φ is the finger void percentage, and φ s is the porosity of the bulk sponge-like media. Both SEM image information and porosity were fed in the software GeoDict (Math2Market GmbH, Germany) to generate 3D digital membranes with resolved morphology. In water permeance prediction described in Section 4.5, the finger void percentage can be directly obtained based on the generated morphology in GeoDict, while the membrane porosity can be calculated by the transformation of Eq. (3). Besides the digital membrane creation, GeoDict was also used for the flow simulation in Section 3.2.
Governing equations of the flow at the pore scale
To describe the flow at the pore scale in the case of the selective layer, as well as in the cases of sponge, nanofibers, and woven support layers, the Stokes system of equations (Eq. (4)) was used:
For the finger-like cavity membrane, in order to account for the microporous walls, the Stokes-Brinkman system of equations (Eq. (5)) was used [33] . Stokes-Brinkman equations were also applied to calculate the Darcy permeability for the whole layered membrane.
In equations (4) and (5), p is the pressure; µ is the dynamic viscosity; µ eff is the effective viscosity (defined as the dynamic viscosity divided by the porosity); u is the velocity vector; and k micro is the Darcy permeability of the microporous walls for a finger-like cavity membrane. The Stokes and Stokes-Brinkman models were supplemented with a set of boundary conditions. Periodic boundary conditions for the pressure and the velocity were used in all directions. In the flow direction, the periodic boundary condition for the pressure included a constant pressure drop, which represented the overall pressure gradient along the flow direction. A no-slip velocity was applied to the velocity field at the solid-fluid interface in the case of Stokes equations. This assumption stated that the flow velocity at the pore or cavity walls was equal to zero. Equations (4) and (5) were further used to find the distributions of the flow velocity and the pressure.
To compute the Darcy permeability K of the full layer system, namely selective and support layers, Darcy's law was applied using the following:
where Q is the volumetric flow rate; A is the area; L is the membrane thickness; and P C is the pressure difference across the membrane. The vertical direction (perpendicular to the membrane surface) was considered to be the flow direction. The fluid flow and the permeability value were calculated only in this direction. The simulations were run at a pressure drop of 0.02 Pa. The temperature for the model and experiment was set at 20°C.
Results and Discussion
Two membrane morphologies
By using the conditions listed in Table 1 , two different membrane morphologies were fabricated: sponge-and finger-like structures. Fig. 1 shows two different membrane morphologies (cross sections), and highlights the pores in the bulk. The finger-like structure has a higher porosity than the sponge-like structure. This was quantified by measuring the weight of water saturating the pores. Figures 1 (c) and 1 (d) show that the pore structure in the bulk of the sponge-like membrane and that of the regions between the large finger-like cavities are similar. Therefore, the Darcy permeability of the support layer in the sponge-like structure was also applied to regions between the finger-like cavities. higher magnification of Fig. 1(a) , showing details of the sponge-like membrane cross section; (d) higher magnification of Fig. 1(b) , showing regions between finger-like cavities. 
Membrane porosity
From the experiments described in Section 2.4, the membrane porosity was calculated and is reported in Table 2 . The finger-like cavity membrane has higher overall porosity than that of the sponge-like membrane. The surface porosity was estimated from the SEM images shown in Fig. 2 . The imaged pores were highlighted in red and the porosity was calculated from the ratio of the total pore area divided by the membrane surface area. The sponge-like membrane top surface porosity is 3.3%, while the finger-like cavity membrane top surface porosity is 5.1%. 
Digital membranes and velocity distribution
The membranes experimentally prepared here were asymmetric, as most polymeric porous ultrafiltration membranes. As explained in Section 3.1, for the simulation the membranes were divided in two layers: a selective layer and a support layer. Fig. 3 ϭϰ shows the top surface pore distribution and the cross section pore morphology digitally generated for the two kinds of membranes we analyze herein.
Based on the generated digital membrane, flow simulations were carried out. Fig. 4 shows the detailed velocity magnitude distribution in three dimensions within the support layer of the sponge-like membrane. Fig. 5 shows the analogous information of velocity magnitude distribution for the finger-like cavity membrane. The support layer is asymmetric and the images are sliced to show the velocity changes in different planes or sublayers parallel and orthogonal to the membrane surface. Besides sponge-and finger-like structures, other membrane morphologies were generated in order to demonstrate the generality of the model. Fig. 6 shows structures corresponding to electrospun nanofiber membranes and woven supports, where the bright colorful images are the digitally generated membranes while the gray ones are real membrane images at the lower right corner in the first row.
Nanofibers as depicted in Fig. 6 have been previously prepared in our group by electrospinning as reported by Maab et al. [34] . The woven structure image is adapted from [35] . Meanwhile, 3D velocity magnitude distributions are also shown in 
Water permeance and Darcy permeability
The computed Darcy permeabilities for the selective layer and support layer of the sponge-like and finger-like cavity membranes are listed in Table 3. From the table, the Darcy permeability for the entire membrane was close to that of the support layer for both membranes. This is reasonable because the selective layer is much thinner ϭϲ than the support layer. In the layered membrane system when only flow perpendicular to the membrane is considered, Eq. (7) 
In Eq. (7) dead-end nano-/ultra-filtration setup was also summarized in Table 4 . The simulated flux fits well with the experimental data.
ϭϳ 
Water permeance prediction for alternative morphologies
To understand the impact of the morphology of the cavities on the water permeance, three different sets of simulations have been conducted. In all cases, the background structure corresponds to the sponge-like microporous structure, shown in Fig. 1(a) , with a Darcy permeability of 1.36×10 -17 m 2 . The thickness of all membranes was fixed at 85 µm. Only the support layer of the membrane is studied in this section. In these sets of simulations we first analyzed the impact of the finger-like cavity length on ϭϴ permeance. Second, we analyzed the impact of superposing several sets of cavities of different lengths. Lastly, we studied the impact of the cavity diameter on permeance. By repeating the simulation with different random seeds, when generating the digital membrane morphologies, water permeance values could be reproduced within 2 % difference.
Different finger-like cavity lengths
Four different lengths of finger-like cavities were studied: 0 µm (no finger), 24 µm (1/3 finger), 48 µm (2/3 finger), and 72 µm (full finger) as shown in Fig. 7 . These are average values for the big finger-like cavities. Among them, the full finger-like cavity case was experimentally observed in the membrane we produced and showed in Fig.   1(b) ; similar membrane morphologies for other cases can be found in the literature [29, 36, 37] . Table 5 shows the membrane characteristics including Darcy permeability, water permeance, finger void percentage, and membrane porosity. As expected, Table 5 shows that finger void percentage and membrane porosity increase, when the finger-like cavity grows longer. As a result, the Darcy permeability increases, and the water permeance also increases. In order to study the impact of the cavity length on the water permeance, we maintain the same porosity and change the number of cavities. The simplified cavities (only the group of big cavities with the cylinder shape) are applied with fixed diameter but different lengths. Table 6 shows the water permeance for membranes with similar porosity, but different morphologies.
The result presents a similar trend: a higher water permeance is obtained for longer fingers.
From this test, we can see that the membrane porosity usually grows when the finger-like cavity is enlarged. It is possible to keep the same membrane porosity, while changing the frequency and length of the finger-like cavities. The water ϭϵ permeance increases if the length of the finger-like cavity increases at constant porosity. 
Different finger-like cavity sets
Besides changing the finger-like cavity length, we considered membranes formed by sets of finger-like cavities of different lengths. The number of finger-like cavity sets was varied. One finger-like cavity set means that all cavities in the membrane have similar size and length. Different combinations of finger sets were considered, as shown in Fig. 8 . The set with the longest finger-like cavities was included in all cases. To generate a more complex membrane structure, several extra smaller finger-like cavities were added. Among these cases, the membrane with two finger-like cavity sets was experimentally observed in the membrane we produced and showed in Fig. 1(b) , similar membrane morphologies for other cases can be found in the literature [29, 38] .
Ϯϭ Table 7 shows the simulation results and the corresponding membrane characteristics. Both the finger void percentage and membrane porosity increase, as the number of added finger-like cavity sets increases. Darcy permeability increases gradually when the porosity rises, and so does the water permeance as shown in Fig.   9 . The figure depicts the relationship between water permeance and membrane porosity, based on simulation data for two different factors: finger-like cavity length and number of finger-like cavity sets. Water permeance usually grows when the finger cavity becomes longer or more cavity sets are added. 
Membranes with cylindrical cavities
Membranes with cylindrical cavities can be considered as idealized fingers holding the smallest tortuosity and lowest flow resistivity. Fig. 1 Table 8 . There is a huge difference in performance between the go-through cylindrical membrane and the other two cases. As before, the most important aspect is the morphology, rather than the porosity to determine the permeance of the membrane. Table 9 we present the Darcy permeability computed for both structures, which shows the same tendency of bigger permeability values for the smaller cylindrical channels we observed above. The explanation of these results in the case of closed channels can be found in the fact that the top and bottom sponge layers, closing the channels, are very thin. In this case, the water enters the channels not only from the top circular surfaces, which are just above each channel, but also from the surrounding ring.
Because the smaller rings forming the cylindrical channels have a longer perimeter compared to the larger ring (for fixed porosity), the extra flow determines the difference in the permeability results (for illustration see Figs. 13 and 14). 
Ϯϱ
Conclusions
Digital membranes were created based on typical morphologies for asymmetric membranes used in ultra-/nanofiltration, such as sponge-and finger-like structures.
The simulated water permeance for each case was similar to the value obtained experimentally for analogous membranes. According to the simulation results, the water permeance for the sponge-like membrane investigated herein was much lower than that of finger-like cavity membranes. The layered membrane analysis shows that the total membrane's Darcy permeability is mainly determined by the support layer for this kind of phase-inversion membranes, since the thickness of this layer is much larger. The water permeance was then predicted for other structures, with different Ϯϲ finger-like cavity lengths and various finger-like cavity sets, as well as for cylindrical membranes.
Membrane porosity is a main factor to judge the membrane performance, such as the water permeance. The porosity can rise by enlarging the finger-like cavity or adding cavity sets. Water permeance grows as the porosity increases in this way.
In addition to the membrane porosity, the membrane morphology is also important.
Our simulations indicate that the membrane's performance can vary for a fixed porosity if the membrane morphology changes.
Our simulations indicate that for fixed morphologies, formulae to determine the permeance can use porosity as a control factor. Nevertheless, these formulae should account for morphological changes if different kinds of membranes are going to be compared. As we have shown in several cases, membranes with comparable porosities can have widely different performances, depending on their morphologies.
